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Basic Principles of Magnetic Resonance
Imaging—An Update
ANN L. SCHERZINGER, PhD, Denver, and WILLIAM R. HENDEE, PhD, Chicago

Magnetic resonance (MR) imaging technology has undergone many technologic advances over the
past few years. Many of these advances were stimulated by the wealth of information emerging
from nuclear magnetic resonance research in the areas of new and optimal scanning methods and
radio-frequency coil design. Other changes arose from the desire to improve image quality, ease
siting restrictions and generally facilitate the clinical use of MR equipment. Many questions, how-
ever, remain unanswered. Perhaps the most controversial technologic question involves the op-
timal field strength required for imaging or spectroscopic applications or both. Other issues include
safety and clinical efficacy. Technologic issues affect all aspects of MR use including the choice of
equipment, examination procedure and image interpretation. Thus, an understanding of recent
changes and their theoretic basis is necessary.

(Scherzinger AL, Hendee WR: Basic principles of magnetic resonance imaging—An update, /n

High-tech medicine [Special Issue]. West J Med 1985 Dec; 143:782-792)

he first nuclear magnetic resonance image was produced

by Lauterbur in 1973*; since that time, magnetic reso-
nance (MR) imaging has evolved into a clinically useful,
although not yet widespread, imaging tool in diagnostic medi-
cine. In early 1985, at least 200 MR imaging units were
operating worldwide, with 70% of the total in the United
States. Most of the initial sites were university based, but
many of the more recent installations have been in outpatient
clinics and independent diagnostic centers. Magnetic reso-
nance imaging units are available from 18 manufacturers,?
with magnetic field strengths ranging from 0.04 to 2 tesla.
Two MR imaging societies have a combined enrollment of
1,500 members and several journal articles on MR imaging
are published each month.

The rapid growth in clinical applications has been accom-
panied by numerous technologic advances in MR imaging
over the past few years. These advances have affected im-
aging techniques, image quality, siting considerations, safety
concerns and several other aspects of the clinical applications
of MR imaging. Still, many questions remain unanswered,
such as the clinical efficacy and cost effectiveness of the clin-
ical applications of MR imaging, the optimum magnetic field
strength for imaging, long-term health implications of expo-
sure to intense magnetic fields and the overall fiscal viability
of the modality.

Imaging Techniques

The basic principles of MR imaging are discussed in sev-
eral articles.>"* Some of these articles describe the two most
commonly used imaging sequences, spin echo and inversion
recovery, together with modifications of these sequences that
have yielded improvements in the signal-noise ratio, contrast
resolution and imaging time. Multislice, multiecho spin-echo
imaging has become the major MR imaging technique used
for clinical imaging; a standard spin-echo examination in-
cludes one set of spin-lattice relaxation time (T1)-weighted
images (short repetition time [TR]) and one set of spin-spin
relaxation time (T2)-weighted images (long TR).

The spin-echo pulsing technique is shown in Figure 1. In

this technique, a 90° pulse is applied to a selected slice of

tissue. In response, a free induction decay (FID) signal is
induced in the receiver coil with an initial value that is propor-
tional to the longitudinal magnetization of the sample at the
time of the pulse. The signal decays with a time constant T2*,
which reflects both spin-spin relaxation (time constant T2)
and relaxation caused by nonuniformities in the static mag-
netic field. At a time (TE2) following the 90° pulse, a 180°
pulse is applied. This pulse reverses the signal decay caused
by inhomogeneities in the field, and an echo signal is pro-
duced at a time TE following the 90° pulse. The amplitude of
this echo relative to the initial value of the FID is a function of
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ABBREVIATIONS USED IN TEXT

AC = alternating current

CT = computed tomography

FDA = Food and Drug Administration

FID = free induction decay

Gd-DTPA = gadolinium-diethylenetriaminepentaacetic acid

MR = magnetic resonance

T1 = spin-lattice relaxation time

T2 = spin-spin relaxation time

T2* =T?2 and relaxation caused by nonuniformities in static
magnetic field

TE = echo time

TR = repetition time

the true spin-spin relaxation time, T2, and the echo delay time
TE. After a time, TR, the entire spin-echo sequence is re-
peated. A long TR (longer than T1) is chosen if one wishes to
allow all tissues to undergo complete longitudinal relaxation.
The signal intensity following the 90° pulse is then indepen-
dent of T1 because the imaged tissue was fully relaxed before
the 90° pulse was applied. If the TR is shortened, the tissue
will not have complete longitudinal relaxation, the signal in-
tensity will vary with T1 and the image will contain some T1
weighting. Within this framework, the TE values can also be
changed to alter the T1 and T2 weighting of the image.

The optimum values of TE and TR for imaging specific
tissues is still relatively uncertain, even though considerable
theoretical and experimental work has been directed towards
answering this question.®~® To eliminate the need for a priori
knowledge of the appropriate pulse sequence, techniques
have been developed to calculate images for any assembly of
characteristics from data obtained at two different spin-echo
sequences.®'® These images have been shown to correlate
well with those acquired using actual pulse sequence.

Multiecho spin-echo images are produced by injecting
180° pulses at times TE, 2 TE, 3 TE and so forth following
the initial 180° inversion pulse (Figure 2). From two to eight
multiple echoes can usually be obtained, with the signal be-
coming weaker with each subsequent echo, as shown in

Figure 2. Thus, the signal-noise ratio is a dominant factor in
choosing the number of multiple echoes used for imaging.
Since no one combination of TE and TR provides optimal
viewing for all tissue types, this technique is used to provide
images with a range of T1 and T2 weighting (multiple TE
values).

Multislice imaging techniques have been developed to de-
crease patient examination time. In the standard spin-echo
technique, TE is much shorter than TR—that is, 15 to 100 ms
compared with 0.5 to 5 seconds—where a long TR is required
to permit T1 relaxation of the sample slice before initiating
the next imaging sequence. During this waiting period, adja-
cent slices of tissue can be imaged, as shown in Figure 3.
Thus, the interleaving technique of multislice imaging per-
mits acquisition of images from several slices during the time
otherwise required to image only one slice. The number of
slices constituting a multislice imaging procedure depends on
the value of TR used.

The time saved can be illustrated by the equation for the
imaging time, T, for a single slice:

T=TRXnXN

Here n is the number of imaging sequence acquisitions re-
quired per projection—that is, the number of averages plus
one—and N is the number of measured projections—that is,
the image matrix size. Thus, a single 256 X 256 slice with TR
equaling two seconds and one average slice (two acquisitions)
would take 17 minutes to acquire. Multislice techniques can
provide as many as 20 such images in that amount of time.
Producing multislice, multiecho images reduces to 12 the
number of slices obtained for a four-echo sequence using the
values above. Additional time savings can be achieved by
improving the signal-noise ratio so that the number of im-
aging sequences, n, required can be reduced. Techniques
being developed that use radio-frequency pulses to force T1
relaxation and thus reduce TR will also reduce scan times.
The multislice imaging technique, although simple in con-
cept, introduces a variety of practical difficulties. Ideally, a
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Figure 2.—Radio-frequency pulsing
scheme and signals detected from a mul-
tiecho spin-echo pulse sequence. The sym-
bols are as givenin Figure 1.
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sequence of adjacent images through the tissue volume of
interest is desired, with no gaps of unimaged tissue and no
overlap between slices. This objective is difficult to achieve,
however, because the gaussian distribution of frequencies in
the radio-frequency pulse causes excitation of tissue on either
side of the desired slice (Figure 4-A). To avoid problems
caused by the poorly defined borders of the tissue slices,
multislice techniques traditionally provide images separated
by gaps of unimaged tissue, with the gaps ranging from 3 to
10 mm.

Techniques have been devised to minimize the gaps be-
tween adjacent tissue slices. In one technique, an optimiza-
tion approach is used to order the sequence of excited slices.'*
Another approach relies on two multislice acquisitions, with
the second designed to produce images in the tissue regions
constituting the gaps in the first acquisition. With a third
technique, the radio-frequency pulse is tailored to provide a
square, rather than gaussian, frequency profile, as shown in
Figure 4-B. In this case, the radio-frequency pulse, 1 f(t), is
modulated by a sinc function, sinx/x, to give the radio-fre-
quency pulse envelop shown in Figure 4-B. The result is a
square frequency profile, f(w), to define the slice. This tech-
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Figure 3.—Multislice imaging technique. The echo time (TE) span
includes time to excite nuclei and record echo(es). TR = repetition
time, n = number of imaging sequences
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Figure 4.—Slice selection techniques: A, a typical gaussian radio-
frequency pulse produces slices with overlap or gaps, or both. B, A
sinc radio-frequency pulse produces slices with no overlap or gaps.
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nique requires rapid switching of the gradient fields making it
more difficult to use at high field strengths.

Volume imaging methods require considerable time and
generate extensive data; hence, they are not used routinely.'?
Volume imaging techniques have one advantage, however, in
that they do not produce slice overlap and gap problems as the
entire volume of tissue is sampled simultaneously. Hence,
these techniques have been used to provide thin, adjacent
images, such as 0.9 mm slices with no gap, of small anatomic
regions such as the pituitary*? and heart.*

Conventional multislice spin-echo techniques have been
modified to provide information about specific aspects of
tissue pathology. Most hydrogen in tissue is present in water
or in the long carbon chains of fat triglycerides. In fat, the
hydrogen nuclei have a different chemical environment from
that in water; consequently, the local magnetic fields are dif-
ferent and the Larmor frequency for hydrogen in water is
shifted slightly from the frequency for hydrogen in fat. This
chemically induced shift (termed a ‘‘chemical shift’’) is
present as an artifact in conventional high-field images.'s A
chemical shift of 3.5 ppm for the hydrogen nuclei of fat and
water is shown in Figure 5-A, where the units of chemical
shift are stated as parts per million of the Larmor frequency of
hydrogen in water. When stated in these units, the chemical
shift is independent of field strength and is related to the actual
shift in frequency by the expression

AW=6 X W,_

where 6 is the chemical shift (ppm) and W, is the reference
Larmor frequency. At 0.35 tesla (W, =15 MHz), the water
and fat peaks are shifted by 53 Hz, whereas at 2 tesla (W=
84 MHz), the same peaks are separated by 294 Hz. It is this
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Figure 5.—Proton spectra of tissue at fields less than 2 tesla. The
horizontal axis represents a chemical shift with respect to the water
peak in units of parts per million of the Larmor frequency of hydrogen
in water (see text). A, Proton spectra and B, slices obtained with a
resolution of 1 ppm by the 3-dimensional Fourier transform technique
of Pykett and Rosen.'®

THE WESTERN JOURNAL OF MEDICINE



MAGNETIC RESONANCE IMAGING UPDATE

larger shift at higher frequencies that produces an artifact
when imaging at higher field strengths.

Chemical shift imaging techniques, employing a modified
form of the conventional spin-echo sequence, have been used
to obtain separate images of water and fat distributions in
tissue at field strengths as low as 0.15 tesla.'”-*® Two imaging
sequences are required with this approach to obtain four sets
of images: fat plus water, fat and water difference, fat only
and water only. Images are obtainable within the same time
and resolution constraints as conventional spin-echo tech-
niques. With higher field systeins, a three-dimensional Fou-
rier transform technique can be used to obtain images of the
signal intensities of the hydrogen spectral peaks at a separa-
tion of 0.1 ppm. For fat and water, separate images can be
obtained at several positions in the hydrogen spectrum as
shown in Figure 5-B. If desired, peaks in the water or fat
range can be summed to yield a total water or total fat image.'¢
A third technique involves obtaining a water image by satu-
rating the fat resonance before conducting a traditional spin-
echo two-dimensional Fourier transform imaging sequence.
To illustrate, the fat resonance can be irradiated with a 90°
pulse before beginning the normal imaging sequence by a
radio-frequency pulse at the resonant frequency of fat. When
combined with the first 90° pulse of a traditional spin-echo
imaging sequence, the fat resonance will have undergone a
180° flip, making its signal invisible to the MR receiver coil.
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Figure 6.—This diagram shows the effect of blood flow on the mag-
netic resonance image intensity: A, Stationary blood, B, fast-flowing
blood and C, slow-flowing blood.
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Conversely, a fat image can be obtained by first saturating the
water peak.'? At present, chemical shift imaging is an experi-
mental technique; images have been useful, however, in
showing fatty infiltration of the liver.2°

Another anomaly of conventional imaging is the influence
of blood flow on signal intensity in vascular structures.?! As
an illustration, stationary blood would be expected to behave
like tissue in terms of magnetic resonance imaging. In a spin-
echo sequence, the initial radio-frequency pulse produces a
maximal signal, with negligible relaxation occurring between
the 90° pulse and the measurement of the radio-frequency
signal. But, if a TR is chosen so that the nuclei remain par-
tially saturated—that is, not completely relaxed—for all sub-
sequent 90° pulses, the resulting signal intensity is dimin-
ished, as diagrammed in Figure 6-A.

For fast-moving blood (10 cm per second or faster),**
protons initially excited by the radio-frequency pulse move
out of the image plane before the signal is measured, as shown
in Figure 6-B. Blood moving into the image plane has not
been exposed to a radio-frequency pulse and hence yields no
signal. In the image, fast-moving blood is shown as a dark,
signal-less region.

With slow-moving blood, these two events are combined
to provide a signal greater than that from either stationary or
fast-moving blood. During the repetition time, the partially
saturated blood remaining from the previous sequence is re-
placed in part by blood flowing into the imaging plane. The
subsequent 90° radio-frequency pulse elicits a stronger signal
from this new blood (Figure 6-C) than from the remaining
partially saturated blood and the total signal is enhanced over
that of stationary blood. This effect is referred to as *‘paradox-
ical enhancement” and yields a bright area in regions of the
image representing slow-moving blood. Slow flow can also
be distinguished by a distinct rephasing effect on even echoes
of a multiecho imaging sequence.?? Because of these flow
effects, information about flow velocities can be elicited by
appropriate manipulation of the image sequence variables TE
and TR.?*2% Recent studies suggest that flow measurements
from imaging techniques may depend also on other aspects of
the measuring technique, such as the reconstruction algo-
rithm.?

Image Quality

As in any imaging modality, image quality is a subjective
characteristic; nevertheless, certain image variables can be
measured as an indication of image quality. These variables
include the ratio of signal to noise, the ratio of contrast to
noise, spatial resolution, the presence (or absence) of artifacts
and the accuracy of T1 and T2 values determined from the
image. To date, quantifiable standards have not been devel-
oped for an overall evaluation of the quality of magnetic
resonance images; hence, vendors tend to emphasize the
image variables at which they excel.

For an MR image, the signal-noise ratio is commonly
described by the equation

S-N= (I'r - IB)/O'B
where I; and I; are the signal intensities of the tissue of interest
and the image background, and g is the standard deviation of
the background signal. The signal-noise ratio depends
strongly on the pulse sequence and pulsing times used for
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imaging. For example, it is obvious from Figure 2 that the
signal I; from the tissue depends on which echoes are used to
form the image and that the background signal is constant.
Values of signal-noise ratio ranging from 10 to 100 are fre-
quently quoted?¢-?’; these values are obtained at different
pulse sequences and pulsing times, however, and it is difficult
to compare the signal-noise specifications from one vendor to
another. Signal-noise values are often quoted in association
with the field strength issue discussed below but these quota-
tions frequently shed little light on the issue.

The contrast-to-noise ratio is similar to that of signal to
noise, except that it is used to measure the difference in signal,
and thus the visibility, of two different tissues of interest, such
as gray and white matter or tumor and normal tissue. The
contrast-noise ratio is described by the expression®

C-N = (Ir,— )/ (Ioos)

where I, and I, are the signal intensities of the two tissues of
interest. I, is the maximal signal measurable for the two tis-
sues—that is, the signal obtained after a single 90° pulse is
applied following complete longitudinal relaxation of the
tissue—and o3 is the standard deviation of the background. If
the spin densities of the two tissues are equal, they should
have the same value for I, irrespective of the imaging regimen
used; Iy, and Iy, are not independent of the selected imaging
regimen, however. Hence, the maximal contrast-noise ratio
is often used to predict the optimal pulse sequence for imaging
specific tissues.®

Both the signal-noise and contrast-noise ratios affect the
spatial resolution of the magnetic resonance image. Values for
the spatial resolution are often quoted, inappropriately, as the
predicted picture element (pixel) size of the image. That is,
for an anatomic region of 30 cm by 30 cm, a 128 X 128 image
will provide a pixel size of 2.3 mm; for a 256 X 256 image of
the same object, the pixel size will be 1.15 mm.

An increase in matrix size to decrease pixel size requires a
dramatic increase in imaging time, as N increases in the ex-
pression for imaging time presented earlier. Slice thickness
can be reduced in an effort to decrease partial volume effects
and to improve resolution. With reduced slice thickness, how-
ever, more slices are needed to encompass a given volume of
tissue, and the imaging time increases. As is apparent from
these examples, there is almost always a trade-off between
spatial resolution and imaging time.

In actuality, the signal-noise ratio provides a practical
limit to the effective spatial resolution. The borders of a
volume element of tissue (voxel) are defined by the pixel size
and the slice thickness. As the voxel size is reduced, there are
fewer resonating nuclei present in the voxel, causing a reduc-
tion in the measured signal and a decrease in signal-noise
ratio. This decrease places a practical limit on the spatial
resolution obtainable with an MR imaging unit.

Motion artifacts occur in MR imaging principally because
of the length of time required to obtain a set of MR images.
These artifacts are especially apparent in images of the thorax
and upper abdomen.

Cardiac studies with MR imaging can be gated to the R
wave and the electrocardiogram to decrease motion artifacts;
detailed images of as many as ten sections obtained at one to
five different times during the cardiac cycle have been pub-
lished.'* One disadvantage of cardiac gating is that the TR
interval depends on the pulse rate. Consequently, the TR
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cannot be easily manipulated; in fact, TR is never constant as
the pulse rate is often variable. This variability interferes with
computing of the tissue relaxation characteristics, T1 and T2.

Gated cardiac images can be obtained with either multi-
slice or volume imaging techniques. Unless a special se-
quencing procedure is used, however, multislice techniques
yield images of sequential slices at different times in the car-
diac cycle, because the slices cannot be taken simultaneously.
Volume imaging techniques require longer times for acquiring
data, but they can provide slices produced at the same time in
the cardiac cycle. Presently, cardiac images are produced in
the standard orthogonal planes. Techniques are being devel-
oped, however, to produce images in oblique planes that cor-
relate more closely with conventional radiography.28-3°

Images of the upper abdomen often contain artifacts
caused by respiratory motion. The respiratory cycle is not
constant in either depth or length, and gating of respiratory
motion is difficult. Gross motion artifacts have been removed
by respiratory gating, but at the cost of a 1.5 to 2 times
increase in imaging time, depending on the characteristics of
the respiratory cycle.!

Motion artifacts can also be eliminated by the use of the
echo planar imaging technique.® This technique uses an os-
cillating gradient field to localize the signal in the traditional
phase encoding plane of a normal two-dimensional Fourier
transform imaging method.* In contrast to this traditional im-
aging method, a separate data collection sequence for each of
N pixels in the phase encoding direction is not required. Scan
times are reduced to 10 to 100 ms per slice because all of the
image data for one planar slice are obtained from one pulsing
sequence. To date, echo planar imaging has been used pri-
marily for the thorax, where 32 slices with 16 images per slice
at 16 phases of the cardiac cycle have been produced (512
images total).?* A typical examination is completed in four to
eight minutes, depending on a patient’s cardiac period. Be-
cause of signal constraints, these images have only 32 X 32
pixel resolution (6 mm) and a slice thickness of 8 mm. To
date, echo planar imaging has been done only at low fields
(0.1 tesla); the technique requires the rapid switching of gra-
dient magnetic fields, and it is uncertain whether it will be
feasible at higher field strengths. To overcome this difficulty,
hybrid techniques involving a combination of two-
dimensional Fourier transform and echo planar imaging are
being investigated.

Another measure of image quality is the accuracy of T1
and T2 values calculated from the image. In 1971, Dama-
dian®* suggested that normal and malignant tissue may be
distinguishable on the basis of differences in their T1 values.
Subsequent conflicting reports have appeared concerning the
value of T1 and T2 as tissue-specific indicators.**~3” Much of
the conflict has been attributed to inaccuracies in the T1 and
T2 values extracted from images. These inaccuracies arise
from the numerous errors inherent in the measuring tech-
nique.*#-*° These include high noise levels, effects of flow and
motion, partial volume effects, slice overlap and nonuniform
excitation of slices. Recent reports, however, have shown
accuracies of 96 % to 98 % in measured T1 and T2 values fora
few types of tissues and test solutions. 44!

Contrast Agents
The contrast in a magnetic resonance image is a reflection
primarily of differences in T1 and T2 relaxation times among
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various tissues. By using in vivo contrast agents to selectively
alter the relaxation times, image contrast often can be im-
proved. Contrast agents currently under investigation are
principally paramagnetic materials. These substances have
large magnetic moments resulting from the presence of un-
paired electrons in the atomic structure. The presence of a
paramagnetic substance alters the magnetic field in the imme-
diate vicinity of the substance. This alteration facilitates re-
laxation and shortens T1 and T2 relaxation times. **-43

Paramagnetic agents investigated to date have primarily
been complexes and salts of the transition metals and rare
earth elements, including manganese, iron, cobalt, nickel.
copper, chromium and gadolinium. Intravenous injections of
manganese chloride have altered the T1 values of abdominal
organs.* Recent studies have contradicted earlier reports of
the high toxicity of this material.** Manganese has also been
complexed to a monoclonal antibody in an attempt to provide
better delineation of myocardial infarction.*®

Weak Geritol solutions containing ferrous ammonium ci-
trate can be used as a nonhazardous orally administered con-
trast agent to enhance the image of the gastrointestinal tract.*’
Recently an iron complex, iron (III) ethylene bis-(2-hydroxy-
phenylglycine) or Fe(EHPG), has been shown to enhance the
imaging of normal liver parenchyma without adverse effects
inrats.*®

One of the more promising contrast agents is a complex of
gadolinium (Gd) with diethylenetriaminepentaacetic acid
(DTPA).*?-%° Administered intravenously, Gd-DTPA is used
as an indicator of organ perfusion®! and has been compared in
behavior with the iodinated contrast agents used in computed
tomography (CT).5? Gd-DTPA has been effective clinically
in enhancing the images of brain tumors,*? brain abscesses®*
and ischemic myocardial tissue.5>5¢ Early studies have
shown no toxicity of the agent*® and it is currently undergoing
phase I trials in humans in four institutions.

Nitrogen-stable free radicals are another class of contrast
agents under investigation. Free radicals are paramagnetic
because they possess an unpaired electron in the valence mo-
lecular orbital.**** Nitrogen-stable free radicals have been
shown to enhance the imaging of renal®’” and brain®® tissues;
toxicity studies are ongoing.

Radio-frequency Coils

Recent improvements in MR image quality are attribut-
able in part to design improvements in radio-frequency coils.
To illustrate, a saddle-shaped radio-frequency coil is placed

Figure 7.—A saddle-shaped radio-frequency coil inside a solenoid
magnet. B, = the direction of the magnetic field of the solenoidal
magnet, B, = the direction of the magnetic field produced by current
flow, j, in the radio-frequency coil.

DECEMBER 1985 + 143 =+ 6

inside a solenoidal magnet as shown in Figure 7. If an alter-
nating current (AC) is transmitted through the coil, an alter-
nating B, field is generated perpendicular to B, the static
magnetic field, and the coil acts as a transmitter. Conversely,
if an oscillating magnetic field produced by precessing nuclei
in the plane perpendicular to B, s sensed by the coil, a current
is generated in the coil and the coil acts as a receiver.

A radio-frequency coil is often represented as a series
LRC circuit, where L is the circuit inductance, R is the resis-
tance and C the capacitance.*® The coil is most sensitive to the
magnetic resonance signal when the AC frequency of the
circuit, given by

f=Q@Qm)~"(LC)Y*,

is tuned to the Larmor frequency. In this condition, the coil
will provide the largest MR imaging signal in response to the
precessing nuclei. When a body (a load) is placed in the coil,
additional inductance and capacitance are encountered, thus
altering the optimal receiving frequency of the coil from that
of its unloaded state. Most MR imaging systems permit fine
tuning of the coil frequency to obtain the maximum signal
with the patient in place.

Any radio-frequency coil is sensitive to a range of frequen-
cies, A f, about the center Larmor frequency. This range of
frequencies—the bandwidth—is described by the coil Q,
where a high Q means a narrow bandwidth, as shown in
Figure 8. A high Q coil is preferred because it limits the
amount of noise detected by the coil. When a body is placed in
the coil, Q is decreased significantly below its unloaded
value, with the decrease dependent on the tissue volume en-
compassed by the coil.

Coil geometries are determined by the desire to provide
homogeneous radio-frequency fields for irradiating and mea-
suring samples and to maximize the amount of tissue located
in the radio-frequency field. This latter factor is referred to as
the filling factor of the coil, and a higher filling factor provides
a stronger signal. Typical coil arrangements include solenoid
coils in permanent magnet systems and saddle-shaped coils in
resistive and superconducting magnet systems. At high fields
(greater than 1 tesla), the coil geometries have to be modified
extensively because the coil length becomes comparable with
the radio-frequency wavelength and phase shift artifacts oc-
cur.®°

Finally, coil optimization includes eliminating other
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Figure 8.—Dependence of bandwidth, Af, of coil on value of coil Q.
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sources of noise such as mismatching of coil and amplifier
impedances and other electronic signal losses.

A significant improvement in coil operation has resulted
from decoupling of the transmitter and receiver coils. In an
MR imaging unit, the transmitter typically generates
high-powered pulses (10 kW), while the receiver coil must be
sensitive to microvolt (uV) return signals. By creating two
separate coils and positioning them orthogonally to each
other, cross talk between the coils can be eliminated and the
coils can be individually optimized. Currently, manufactur-
ers are investigating the use of quadrature transmitting and
receiving coils as another means of improving sensitivity.¢' In
a quadrature coil system, two coils are located orthogonally to
each other. Signals in the two coils are phase shifted with
respect to each other to reduce noise and the use of two coils
increases the signal obtained from the tissue sample.

Perhaps the most exciting coil development has been the
use of surface coils to produce high-resolution images of
superficial structures such as the spine, orbits, neck and
breast.¢2-%* Surface coils are typically circular or elliptical in
shape and contoured to the body region to be imaged. In this
manner the filling factor is increased and noise from other
regions of the body is decreased, yielding a higher signal-
noise ratio, finer resolution and thinner slices. Penetration of
the radio-frequency signal is limited to a depth equal to the
coil’s radius. In addition, the smaller coils have less homoge-
neous radio-frequency fields and tissues are not uniformly
excited, resulting in nonuniformity of signal intensity in im-
ages.

Some nonuniformity can be avoided by decoupling the
transmitting and receiving coils. Decoupling typically is ac-
complished by using the standard head or body coil as the
transmitter and the surface coil as the receiver coil. Usually
the head or body coil is located farther from the imaged region
and irradiates the entire tissue volume inside the coil; hence,
more power is deposited in the patient with the decoupling
technique. (A surface coil for the spine is shown in Figure 9.
Also shown is the difference in resolution and uniformity for a
standard body coil compared with the surface coil.)

Siting

Siting considerations depend on both the geometry and the

field strength of the magnet. Because of their solenoidal ge-

ometry, superconducting and resistive magnets exhibit fringe
magnetic fields. The extent of these three-dimensional stray
fields depends on the field strength of the magnet. A typical
0.5-tesla magnet has a stray field strength of 5 gauss (G)—1
gauss = 0.0001 tesla—along the magnet axis at a distance of 8
m from the magnet center. This distance increases to 12 m for
a 1.5-tesla magnet. Because of these stray magnetic fields, it
was originally thought that MR imaging units (especially high
field strength units) had to be sited in separate, remote build-
ings. Subsequently, it has been learned that even high field
strength units can be housed in existing facilities by the use of
steel enclosures and improved engineering design.®*-¢ MR
imaging units using permanent magnets do not produce signif-
icant fringe magnetic fields.

The interaction between an MR imaging unit and its envi-
ronment is twofold: the stray magnetic field exerts an influ-
ence on the surrounding environment and personnel, and fer-
romagnetic materials in the environment influence the
homogeneity of the magnetic field within the magnet bore.
Site planning guides of different vendors vary considerably in
their precautions against using electronic equipment around
MR imaging units. Magnetic storage media (computer tapes
and credit cards) and equipment that relies on electron beams
(video monitors and cathode ray tubes) and photomultiplier
tubes (CT units and scintillation cameras) can be affected.
Little data are available on the intensity thresholds for the
effects of magnetic fields on the operation of electronic equip-
ment; in all likelihood, values would vary depending on the
design and inherent shielding of the instrument. In general,
vendor guidelines are conservative with respect to instrument
function, erasing of stored data and so forth; experience to
date is inadequate to address effects occurring over a longer
term.

Guidelines for the location of ferromagnetic materials
near the magnet are also provided in vendor guides. Large
masses of stationary ferromagnetic materials can normally be
compensated by ‘“‘shimming” during installation of the MR
imaging unit. Transient masses of ferromagnetic materials of
any size should not be allowed near the MR imaging unit
because they distort the magnetic field; they also could be
hazardous if pulled towards the magnet. Large transient fer-
romagnetic objects, such as automobiles, elevators and trans-

Figure 9.—Left, An elliptical surface coil used for spine imaging. Middle, A spine image obtained with a standard body coil. Right, A cervical

spine image obtained with a surface coil. Note the higher image detail in the region of interest but lower image uniformity. (Photographs courtesy
of R. Edward Hendrick, PhD, Department of Radiology, University of Colorado Health Sciences Center.)
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port carts, should be kept outside of the 1-gauss field lines to
avoid distortion of the magnetic field in the imaging unit.

With regard to steel enclosures for MR imaging units,
assorted shielding configurations have been used, including a
cylindrical barrel-shaped dome,®” parallel plates and a rectan-
gular box.°® One advantage of the box design is that it can also
provide radio-frequency shielding. Self-shielded magnets
have also been designed®®; usually these require some addi-
tional room shielding to reduce stray fields to levels compa-
rable with those in a shielded facility.

Other major siting considerations include radio-frequency
shielding,” access route for a superconducting magnet,
weight distribution for a permanent magnet and cryogen
venting. Most vendors provide detailed guidelines to address
these issues. Of course, if permanent siting of an MR imaging
system is a problem, mobile units of nearly all available field
strengths and magnet types can be purchased.

Safety

Potential bioeffects from MR imaging have been exten-
sively reviewed.* Although past studies indicate that there are
no harmful bioeffects associated with MR imaging, investiga-
tions continue on the premise that negative results do not rule
out all possible risks.

In recent studies there was no evidence of damage or
genetic aberration of cells at fields up to 2.7 tesla and expo-
sure times up to 17 hours.”*:’> An epidemiologic study of 792
workers at national laboratories exposed to static magnetic
fields of 0.5 millitesla to 2 tesla showed no increased inci-
dence in 19 disease classifications.”®

No change in pineal function was noted during MR im-
aging of four subjects.’* The only documented bioeffect was
the induction of visual sensations by changing magnetic fields
of 1.3 tesla per second at a rate of 15 per second. This effect
has been attributed to a torque that alters the shape of retinal
rods.”® No evidence has been reported that this effect is either
deleterious or permanent.

Guidelines of the Center for Devices and Radiological
Health (formerly the Bureau of Radiological Health) remain
as established in 1982.7¢ Levels considered safe include static
magnetic fields below 2 tesla; time varying fields less than 3
tesla per second and radio-frequency exposures causing spe-
cific power absorption rates less than 2 W per kg over 1 gram
of tissue and 0.4 W per kg over the entire body. The Food and
Drug Administration (FDA) has granted approval to nine
commercial systems that adhere to these guidelines. In addi-
tion, conditional FDA approval has been awarded to three
systems (Table 1). Approval is limited to specific imaging
systems and techniques. Any changes in these systems such as
increasing field strength or changing imaging protocols re-
quire further approval from the FDA.

Although no tissue damage has been shown from MR
imaging, there are specific contraindications for an MR im-
aging examination. The presence of magnetic fields of 17 G or
greater has been shown to switch cardiac pacemakers to asyn-
chrorious (nondemand mode) operation.”” These and other
electronic implants are susceptible to malfunction due to volt-
ages induced by changing magnetic fields. In addition, radio-
frequency pulses of sufficient amplitude and pulse rate can
potentially mimic electrical activity of the heart and interfere
with the proper operation of cardiac devices. Hence, implant
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TABLE 1.—Magnetic Resonance Imaging Units Approved by
the Food and Drug Administration (FDA)
Venidor Field Strength, telsa
Dlasonibsine . .00 o L s 0.35
BonarE e e e 0.3
GeneraiElectrieCo .. ... .. ... o LG 05,1.0:15
Picker International Inc—head, neck .................. 0.5
Picker International Inc—body ..................... (0.5)*
Siemens Medical SystemsInc ......... 0.35,:0.5. (1. 01, {1-5)°
fechpicare Bomy ... o e e 0.5
*Recommended for FDA and approved by the FDA Advisory Board.

patients should not be imaged; in fact, they should be ex-
cluded from areas where the magnetic field exceeds 5 G.
Other contraindications at present include patients who are
subject to seizures, claustrophobia, cardiac arrest or who are
unconscious or morbidly ill.

Ferromagnetic materials are attracted by magnetic fields
and experience a torque causing them to line up with the field.
Persons containing such devices should not be imaged by
magnetic resonance. In a study of metallic surgical and dental
implants, 16 of 21 vascular clips and one shunt connector
were found to be affected by MR imaging magnetic fields.”®
Forces on five clips were considered sufficient to dislodge or
displace the clip, possibly causing hemorrhage or cerebral
injury. Unaffected metallic devices were nonferromagnetic
and made from high nickel (10% to 14%) stainless steel,
alloys, tantalum or titanium.

At many sites patients with a surgical history are required
to provide appropriate medical records or obtain an x-ray
examination to document the presence or absence of surgical
clips. Only when the radiologist is confident that implants are
nonferromagnetic should a person be imaged.

Eye makeup also contains ferromagnetic material that can
cause eye irritation during or after imaging. Patients should
remove heavy eye makeup before an examination.

Another biological concern of MR imaging arises from its
potential to heat metallic implants such as prostheses, surgical
clips and intrauterine devices. The heating is caused by elec-
trical currents induced by changing magnetic and radio-fre-
quency fields. Heating effects have not been seen except in one
case of two hip prostheses subjected to MR imaging regimens
in vitro in a conducting saline solution.”® In general, patients
with metallic implants can be imaged successfully.%®

Ferromagnetic objects such as pens, scissors, tools and
gurneys are attracted to the magnet and should be excluded
from the room. The potential for patient injury from these
flying objects is probably the chief biohazard of MR imaging.
Metal detectors sensitive enough to pick up such objects will
also detect nonhazardous objects on MR personnel (belt
buckles, jewelry and the like) and thus are relatively ineffec-
tive as a screening technique. Usually warning signs and per-
sonnel education are sufficient to keep ferromagnetic objects
from the examination room.

Wheelchairs and gurneys needed for nonambulatory pa-
tients should be nonferromagnetic, such as aluminum. Crash
carts are typically ferromagnetic and contain equipment (res-
pirators, defibrillation and so forth) that may not function
properly in an intense magnetic field. If emergency resuscita-
tion is required, a typical crash cart should not be brought into
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the magnet room. Instead, a core area should be available
outside the scan room and a strong nonferromagnetic gurney®'
or removable MR imaging table should be available for rapid
transport of the patient to the core area.

MR Field Strength

The optimum field strength for MR imaging is probably
the most hotly contested issue among researchers. Resolving
this issue is complicated by the marketing strategies of major
equipment manufacturers®? and by the uncertainty of selected
clinical applications of magnetic resonance. Questions re-
lated to the field strength issue involve image quality (signal-
noise ratio, resolution, slice thickness), imaging times, ra-
dio-frequency power deposition, spectroscopic applications,
cost and siting.

Fundamental to the field strength debate is the fact that the
magnetic resonance signal increases with magnetic field
strength. As the field strength increases, the energy difference
increases between the nuclei aligned with and against the
field. Because more energy is required to align against a more
intense field, a greater number of nuclei adopt the lower en-
ergy state of alignment with the field. This alignment process
yields an increase in signal strength because the signal de-
pends on the population difference between the two energy
states. Noise also increases with a higher field, but theoreti-
cally not so rapidly as the signal. At low fields, noise results
mainly from radio-frequency coils and assorted electronics; at
higher fields it emanates chiefly from the object being imaged.
As a result, the signal-noise ratio can be shown theoretically
to increase with magnetic field strength. A higher signal-noise
ratio should yield an improved image. In general, researchers
agree with this basic tenet, but they argue over the rate of
increase of the signal-noise ratio with field strength and
whether the improvement in image quality is enough to justify
the cost of a higher field magnet.2¢-83

By the same theoretical arguments, proponents of high
field systems predict that the contrast-to-noise ratio increases
with field strength. The contrast-to-noise ratio is thought to be
a very important variable because contrast determines the
visibility of tissue structure. Differences in T1 values among
tissues, however, decrease with increasing field strength,®
and this decrease results in a decrease in the contrast-noise
ratio.%5#¢ High-field proponents counter that T2, which is
independent of field strength, has a greater influence on con-
trast than does T1; hence, the contrast-noise ratio does in-
crease with field strength.%7-83

Practical advantages of an increased signal-noise or con-
trast-noise ratio should include improved image quality and
thinner slices. A certain level of signal is required from any
tissue if an image is to be produced. If the signal can be
increased, then one should be able to subdivide the tissue
volume and still obtain sufficient signal from each of the small
volumes to produce a higher resolution or thinner section
image. Some workers say that the signal increase can be
accomplished by using higher field systems. Others counter
that the image is degraded at higher fields, by the chemical
shift effects discussed previously. Two methods for im-
proving resolution are shown in Figure 10. In the first method
(Figure 10-A), the resolution element, A Z, is decreased by
narrowing the bandwidth, A f, of the radio-frequency signal
while the gradient is kept constant. At higher field strengths,

790

this method is not feasible as the fat and water proton peaks
are separated too widely. Instead, a technique of increasing
the gradient strength is used (Figure 10-B). With this ap-
proach, a smaller region, A Z,, can be imaged for the same
bandwidth pulse. Noise levels also increase with increasing
gradient strength, thereby setting a limit on the available im-
provement of signal-noise ratio. Proponents of high field
systems claim that chemical shift is not a problem in the head,
but concede that it may be troublesome in body imaging. %2

An increase in the signal-noise ratio can also reduce pa-
tient examination times by decreasing n, the number of signal
averages required to produce sufficient signal-noise ratio in
an image. As shown previously, the examination time in-
creases linearly with n, as well as with TR and N. Proponents
of low fields claim that a larger TR is needed at high fields
because its choice depends on the T1 values of tissues, and T1.
has been shown to increase with field strength.®® In addition,
if low field images can be produced at values of n =1, then
any possible high field advantage is negated. In fact, imaging
will take more time because of increases in TR.

Another influence on imaging time is the increase in ra-
dio-frequency power absorption at higher field strength.
Power levels can even exceed the guidelines of the Center for
Devices and Radiological Health when rapid pulsing schemes
required for efficient multislice imaging are used. Power
levels can be reduced by decreasing the number of sections
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Figure 10.—Techniques for reducing the slice thickness. A, The
bandwidth A fa is narrower than A fs, producing a thinner slice thick-
ness A Z,. B, The gradient strength A is steeper than B, producing a
thinner slice thickness A Za.
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taken simultaneously, but this approach increases examina-
tion time. Proponents of high field systems argue that the
power deposition guidelines are too low and will eventually
be raised.®?

For spectroscopic studies of nuclei other than hydrogen,
there is no question but that high field systems are required.
Phosphorus,®® sodium®* and fluorine®? images have been pro-
duced at fields of 1.5 to 2 tesla; they yield rather poor spatial
resolution images, however, and require long imaging times.
Some researchers are investigating fields from 4 to 8 tesla for
spectroscopic imaging.

From a purchaser’s standpoint, system cost and siting
must also be considered as two factors associated with field
strength. A higher field system (1.5 to 2 tesla) costs about $1
million more than does a low field (0.6 tesla or less) unit.
Although high field units can be sited in existing facilities, the
shielded rooms average $500,000. Without question, a poten-
tial purchaser of an MR imaging unit needs to be familiar with
the many issues associated with controversy over high- and
low-field MR imaging units and how these issues relate to the
specific intended use of the MR imaging system.

The many technical advances discussed here have yielded
appreciable improvement in image quality and clinical utility
of MR imaging over the past few years. Many of these im-
provements are summarized elsewhere in this issue.* This
imaging procedure is still in its infancy and there is no reason
to believe that the current rate of advancement will not be
maintained for several years.

*See *‘Clinical Applications of Magnetic Resonance Imaging—Current Status’* by
D. Cammoun, MD; W. R. Hendee, PhD, and K. A. Davis, MD, pp 793-803.
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